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We report an experimental and numerical study of femtosecond multi-pulse laser-induced densifi-
cation in vitreous silica (v-SiO2) and its signature in Raman spectra. We compare the experimental
findings to recently developed molecular dynamics (MD) approach accounting for bond-breaking
due to laser irradiation, together with a dynamical matrix approach and bond polarizability model
based on first-principle calculations for the estimation of Raman spectra. We observe two stages
of the laser-induced densification and Raman spectrum evolution: growth during several hundreds
of pulses followed by further saturation. At the medium-range, the network connectivity change in
v-SiO2 is expressed in reduction of the major ring fractions leading to more compacted structure.
With the help of Sen & Thorpe model, we also study the short-range order transformation and de-
rive the interbonding Si–O–Si angle change from the Raman measurements. Experimental findings
are in excellent agreement with our MD simulations, and, hence, support bond-breaking mechanism
of laser-induced densification. Thus, our modeling explains well the laser-induced changes both in
the short-range order caused by the appearance of Si-coordination defects and medium-range order
connected to evolution of the ring distribution. Finally, our findings disclose similarities between
sheared-, permanently-densified- and laser-induced-glass and suggest interesting future experiment
in order to clarify the impact of the thermo-mechanical history on glasses under shear, cold- and
hot-compression, and laser-induced densification.
I. INTRODUCTION
Comprehension of the processes of laser-induced mod-
ification in vitreous silica (v-SiO2) and their control re-
mains an important research issue. This concerns the
accurate design of the optical properties via local laser-
induced refractive index changes (RIC), serving in the
fabrication of embedded optical components in fibers
and bulk materials [1–3]. The densification of v-SiO2
due to laser irradiation seems reasonable to cause a uni-
form RIC [4, 5]. The supporting evidence of this mech-
anism was provided by micro-Raman spectroscopy for
both single- [6, 7] and multi-pulse [8–14] experiments.
In these experiments, the analyzes were mainly focused
on the strongest band (∼ 437 cm−1) and defects lines D1
and D2 (∼ 495 cm−1 and ∼ 606 cm−1), usually related
to four-membered and three-membered rings (or 4- and
3-fold), respectively. Analysis in terms of 3- and 4-fold
rings is still a topic of discussion [15–17]. It was shown an
increase of the intensity of the D2 band, together with a
stagnation of the D1 band (in opposition with cold com-
pressed glasses). In Ref. [5], we treated the hypothesis
of the bond-breaking mechanism leading to v-SiO2 den-
sification under laser irradiation. We addressed to the
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medium-range order and explained well the behavior of
defect line D2 relying on the connection between pop-
ulation of the 3-fold rings and D2 lines. However, all
these previous Raman measurements indicating material
sensitivity to laser irradiation were not compared to nu-
merical Raman results [9, 11, 14, 18] and no Raman data
are available for successive laser-induced experiments in
the high-frequency range (∼ 900–1300 cm−1).
In parallel, intensive studies of v-SiO2 glass are contin-
uing aimed at studying the role of thermo-mechanical his-
tory in densification [19–21] and plastic-shear [22] where,
in particular, it is observed a specific sensitivity of Ra-
man spectra in the high-frequency range. In order to in-
fer structural information from Raman spectra in silica
glasses, the Sen and Thorpe (ST) analysis [23] relating
the position of the characteristic bands to interbonding
angle is usually applied [24, 25].
Here, we present a systematic analysis of the effect of
multi-pulse femtosecond laser on vibrational properties,
Raman spectra, medium-range and short-range struc-
ture, with the help of numerical calculations compared
to experimental measurements of Raman spectra.
II. METHODS
A. Experiment
The sketch in Fig. 1 shows a multiscale nature of the
writing processes involved in the consideration. Fem-
2FIG. 1. Schematic representation of the femtosecond laser
writing. At macro-scale, the laser beam is focused inside the
bulk of v-SiO2 via objective. At micro-scale, photoionization
conditions are realized in the focal area. At nano-scale, the
structure of v-SiO2 is composed of network-forming species
Si (orange) and O (red) undergoing bond-breaking due to
photoionization.
tosecond laser pulses are produced by a regeneratively
amplified Ti:sapphire laser system at 800 nm with a nom-
inal pulse duration τp = 130 fs (FWHM) and an energy
1 µJ. The long working distance 20× microscope objec-
tive (Mitutoyo MPlan, NA = 0.42, f = 10 mm) is em-
ployed to focus the ultrashort laser pulses into the bulk
of silica [10]. A laser beam diameter is less than the ob-
jective pupil (d = 5 mm at the level 1/e2), therefore the
nominal value of NA is corrected to NAeff = 0.3. Pol-
ished high-purity synthetic fused silica (Corning 7980-5F,
800-1000 ppm concentration of OH impurities) samples
are mounted on a XYZ motion stage. Translation par-
allel to the laser propagation axis allows to write long
waveguiding structures produced with controlled num-
ber of pulses. The modifications are produced at 10 kHz
laser repetition rate, when the material is thermally re-
laxed before the new pulse arrival. This is in agreement
with other reports indicating that heat accumulation ef-
fect in silica plays an important role only at MHz regime
of irradiation [26].
Laser modification results in a uniform positive re-
fractive index changes of exposed volume (type I struc-
tures [27]), that is confirmed by the waveguiding prop-
erties of the written structures and additionally verified
using phase contrast microscopy. The Raman spectra of
the irradiated samples are recorded with a Horiba Jobin
Yvon confocal micro-spectrometer in a backscattering
configuration. The laser excitation is performed using
a HeCd source at 442 nm wavelength. The arrangement
allows for a spatial resolution better than 1 µm and a
spectral resolution of 3 cm−1.
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FIG. 2. Evolution in the distribution of rings in v-SiO2.
Grey shaded distribution corresponds to origin samples. Pat-
terned distribution corresponds to samples irradiated by 800
pulses. The results of modeling are obtained by averaging
over 10 samples. Number of atoms: Nat = 8232. Inset: Two-
dimensional schematic diagram of the v-SiO2 network with
added colors [28].
B. MD simulation
In our study, the v-SiO2 model is prepared following
the work [29]. A system of 8232 atoms (size ∼5 nm) is ob-
tained within molecular dynamics (MD) simulation (via
LAMMPS [30]) using a melt-quench procedure [31], and
the quenching rate is 5.2×1013 K·s−1. The equilibration
of the liquid, quench and relaxation of the glass are per-
formed classically using the BKS potential [32] modified
by Carre´ et al. [33] (see Appendix A). By evolving the
model during 10, 20 . . .100 ns at liquid stage, we obtain
10 v-SiO2 samples at density of 2.2 g·cm−3.
In order to consider the interaction of sub-picosecond
laser pulses with v-SiO2 we introduced a bond-breaking
mechanism into the MD scheme [5]. The whole simula-
tion cycle of a laser pulse interaction with an MD glass
model is as follows. The simulation starts from an instan-
taneous generation of broken bonds emulating the laser
pulse excitation stage. The ionization degree is 0.018%,
corresponding to two broken bonds per sample (or free
electron density 1.6 × 1019 cm−3). At the second step,
the excited electrons transfer energy to the atomic sys-
tem heating the sample. The temperature saturates with
time reaching the maximum value (500 K). Therefore, we
evolve our glass sample during the next 5 ps at 500 K.
Subsequently, at the third step, a cooling to the room
temperature, 300 K, occurs during 100 ps. At the end
of the cooling stage, we repair instantly an interaction
ability for previously bond-broken Si- and O-atoms. Fi-
nally, an annealing at room temperature is applied. We
repeat this cycle a required number of times to simulate
multi-pulse laser irradiation (up to 1000 pulses).
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FIG. 3. HH-Raman spectra in v-SiO2. Experimental data:
origin sample — solid blue, after irradiation — solid red. The
simulation results: origin — dashed blue, after irradiation —
solid dash-dot red. The results of simulation are averaged
over 10 configurations. Reference frequencies discussed in the
text are ω1 = 437 cm
−1, ω3 = 800 cm
−1, ω2 = 1060 cm
−1,
ω4 = 1200 cm
−1.
C. Raman model
In our previous study we established that the laser-
induced densification of v-SiO2 is traced to medium-
range changes in topology of the atomic network. These
changes consist in an increase of network connectivity
caused by the reduction of major ring fractions of six-
and seven-membered rings to minor fractions of three-
and four-membered rings [5]. In Fig. 2 we show the evo-
lution in the distribution of rings in v-SiO2 upon multi-
pulse irradiation. However, it is impossible to directly
extract ring statistics or local ring environments in the
bulk from experimental measurements. Nonetheless, by
applying the Raman spectroscopy enabling to perform
the vibrational analysis at µm-scale we can infer the in-
formation at medium-range and short-range order.
Here, we briefly outline the formulation that we use
for the calculation of Raman activities. We focus only
on first-order processes, which involve a single phonon
excitation. In the Stokes process, in which a vibrational
excitation is created by an incoming photon, we express
the total power cross-section as (in esu units) [34]:
IP (ω) = 2pi~
ω
g(ω)(ωL − ω)4
V −1c4
∑
n
In δ(ω − ωn), (1)
where the index n labeling the vibrational modes runs
from 1 to 3Nat, Nat is the total number of atoms in the
model (8232 atoms), ωL is the frequency of the incoming
photon, c is the speed of light, V is the volume of the
scattering sample, g(ω) = nB(ω) + 1, and nB(ω) is the
boson factor. In experimental set-ups, it is customary
to record the Raman spectra in the horizontal-horizontal
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FIG. 4. The partial VDOS for the projections onto the vibra-
tions of Si–O–Si structural units: stretching — dashed red,
bending — dotted green, rocking — dash-dot blue and total
— solid black. Origin sample — thick curves, after irradiation
by 800 pulses — thin curves. Inset shows the relative motion
of the oxygen atoms decomposed into stretching (S), bending
(B), and rocking (R) components.
(HH) configuration in which the polarization of the out-
going photons is respectively parallel to the ingoing pho-
ton polarization [35]. Using the isotropy of disordered
solids, we express the contribution of the n-th mode, In
to the HH-Raman spectra as [34]:
IHHn = a2n +
4
45
b2n, (2)
where an and bn are obtained from:
an =
1
3
3∑
i
Rnii, (3)
b2n =
3∑
i<j
{
1
2
(Rnii −Rnjj)2 + 3 (Rnij)2} . (4)
The Raman susceptibility tensors Rnij are given by [34]:
Rnij =
√
V
∑
I,k
∂χij
∂RIk
ξnIk√
MI
, (5)
where χ is the electric polarizability tensor, the cap-
ital Latin indices run over the atoms, the lowercase
Latin indices are the three Cartesian directions, RI =
(RI1, RI2, RI3) and MI are the position and the atomic
mass of atom I, respectively. In order to compute χ,
we apply the bond polarizability model [36, 37] (see Ap-
pendix B). For a model system, the vibrational frequen-
cies ω2n and their associated eigenmodes ξ
n
I are found by
solving the set of linear equations:∑
Jj
DIi,Jjξ
n
Jj = ω
2
nξ
n
Ii, (6)
4where D is the dynamical matrix, which is defined by:
DIi,Jj =
1√
MIMJ
∂2Etot
∂RIi∂RJj
, for I 6= J (7)
DIi,Ij = −
∑
J 6=I
1
MI
∂2Etot
∂RIi∂RJj
, (8)
where Etot is the global potential energy of the system
(see Appendix A).
The result of the Raman simulations of v-SiO2 are pre-
sented in Fig. 3. One can see that the main characteris-
tics of the experimental spectra are recovered within our
semi-classical approximation. In the Raman spectrum,
we can recognize well the main band (∼ 400–550 cm−1)
as well as the high-frequency bands, in particular, those
located at ∼ 800 cm−1, ∼ 1060 cm−1, and ∼ 1200 cm−1,
that are well reproduced by our simulation.
The assignment of the vibration modes of v-SiO2 is
well documented [38–41]. Performing projectional analy-
sis (see Appendix C), we decompose the vibrational den-
sity of states (VDOS) for relative motions of the oxy-
gen atoms into stretching, bending, and rocking com-
ponents (see Fig. 4). The VDOS reveals pure stretch-
ing nature of the high-frequency doublet zone (∼ 950–
1300 cm−1), the bending and rocking modes are in the
range ∼ 0–900 cm−1. In all the spectra Figs. 3 and 4,
the high-frequency part of the spectra (& 950 cm−1) al-
most exclusively results from stretching vibrations. As
far as the HH-Raman spectrum is concerned, Umari and
Pasquarello showed that the bending motions dominate
the rest of the spectrum (∼ 100–900 cm−1), whereas the
contribution of rocking vibrations is suppressed with re-
spect to their weight in the VDOS [41].
III. RESULTS AND DISCUSSION
Comparing the experimental and modeling Raman
spectra from Fig. 3, we highlight that the laser-induced
changes in all bands have the same behavior. In par-
ticular, one can observe a raise and a slight shift to the
right of the main band ω1; the ω3-band has a weaker
raise and a slight shift to the right. On the contrary,
we can indicate the more significant changes in the high-
frequency doublet zone, a shift to the left of ω2 and ω4
bands. In the experimental spectrum, one can see a sig-
nificant gain of defect lines D1 and D2, whereas our simu-
lation suffers due to the lack of resolution in these areas.
However, the D1 and D2 Raman defect lines are usually
associated with 4- and 3-fold rings in the structure of v-
SiO2 [16]. Since these lines provide direct information on
the concentration of these rings [43], we characterize the
medium-range structure (network connectivity) by ana-
lyzing the ring distribution instead of a direct Raman
analysis of the defect lines. Our previous work was dedi-
cated to this point [5]. It is also interesting to note, that
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FIG. 5. Simulation of laser-induced HH-Raman ω2-shift ver-
sus mean Si–O–Si angle change — filled red circles (half width
at half maximum fitting). The dashed red line shows the ap-
proximation of the simulation data. The results of modeling
are averaged over 10 samples. The dash-dot green line shows
ω2-shift based on the ST model [23], Eq. (10), at parame-
ters: central-force constant α = 577 N/m (calculated using
measured Raman characteristic frequency ω2, see Fig. 3) and
mean Si–O–Si angle, ϑ = 147.7 ± 3.8◦ [42].
the global increase in the Raman intensity in the interme-
diate frequency range, and the shift of the high-frequency
bands in both Raman and VDOS (see Fig. 4) spectra
share more similarities with the Raman and VDOS sig-
natures of plastic-shear [22] and permanently densified
glass [24, 25, 44].
In order to explain the changes in the Raman spectra
upon multi-pulse laser irradiation, we exploit a simple
central-force ST model to describe the dynamics of cova-
lently bonded networks [23]. Ref. [23] assumed that the
vibrations of the silica network can be described using
Si–O–Si units with only one force constant α defined by
the Si–O bond. The following equations were proposed
to describe the positions of the vibrational bands as a
function of interbonding angle ϑ:
ω21 =
α
MO
(1 + cosϑ) , (9a)
ω22 =
α
MO
(1− cosϑ) , (9b)
ω23 = ω
2
1 +
4α
3MSi
, (9c)
ω24 = ω
2
2 +
4α
3MSi
, (9d)
where MO and MSi are the masses of oxygen and silicon
atoms, respectively.
To extract information about the angle change from
Raman spectra applying the ST model, one needs to
determine the central-force constant. By using the
measured Raman frequencies ωi (see Fig. 3) and mean
Si–O–Si angle, ϑ = 147.7◦, taken from [42, 45], the force
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FIG. 6. (a) Absolute value ∆ω2 of the laser-induced HH-Raman ω2-shift as a function of pulse number: experiment — empty
black circles; simulation — empty red triangles, compared to density change obtained in simulation — empty green squares with
density dispersion depicted by the shaded green area. (b) Si–O–Si angle change versus pulse number. Experimental results via
ST model — filled blue squares; results of simulation — empty red circles. Inset: Change of number of 5-coordinated Si-atoms
at degree of ionization 0.018% in simulation as a function of pulse number — empty red triangles. Corresponding density —
empty green squares with error bar depicted by shaded light green area. The results of modeling are averaged over 10 samples.
Force const. α1(ω1) α1(ωg) α2 α3 α4 α¯
N/m 1170.1 710 577.3 558.8 394.0 560.0
TABLE I. Force constants. α¯ = (α1(ωg) + α2 + α3 + α4)/4,
where α1−4 are calculated by Eqs. (9a)–(9d), respectively.
constants α1−4 are calculated by Eqs. (9a)–(9d), respec-
tively. The values of α are presented in Table I. It can be
seen that α1(ω1) ≈ 1170 N/m differs significantly from
other values. This is probably due to a wide width of
the asymmetric ω1-band (∼100–500 cm−1) and a broad
Si–O–Si angle distribution (∼135–160◦ [42]) that leads
to an ambiguity in the calculation of α1. However, if
we take instead of the frequency ω1 = 437 cm
−1 (corre-
sponding to the maximum of the band), the frequency
ωg ≈ 340 cm−1 corresponding to the center of gravity of
the ω1-band, then α1(ωg) ≈ 710 N/m. Thus, all α1−4
according to the ST model are in quite good agreement
with each other.
As shown in [46], the interbonding angle change ∆ϑ
can be related to the ω2-shift by differentiating Eq. (9b)
to obtain:
∆ω2 =
α
2MO
sinϑ∆ϑ
ω2
. (10)
Our simulation and experimental measurements provide
good resolution of the Raman ω2-band. Furthermore, we
choose the ω2-band to treat the experimental measure-
ments because the corresponding α2 is closer to the mean
value of central-force constant α¯, see Table I.
In Fig. 5 we present the simulation results of ω2-shift as
a function of mean interbonding angle change obtained
by irradiation with different number of pulses. In re-
sult, we can see that our simulations predict the linear
behavior confirming the ST model, see Eq. (10). More-
over, the central-force constant values obtained from the
simulation (α ≈ 650 N/m) and calculated using the mea-
sured Raman characteristic frequency ω2 (α ≈ 577 N/m)
are in good agreement. Thus, we demonstrate that the
ST model is applicable to describe the Raman dynamics
upon multiple laser irradiation.
The dynamics of ∆ω2 with the pulse number is shown
in Fig. 6a. On can reveal two stages of dynamics, the
growth during several hundreds of pulses followed by sat-
uration, both in simulation and experiment. Despite the
averaging over 10 samples, we can mention the sharp
rise of the ω2-shift in the very beginning and noticeable
dispersion in simulation that we ascribe to the size of
the models (see Subsection II B). This size effect will be
reduced in our further investigations by increasing the
number of atoms in the samples. We can also observe
two stages, growth and saturation, in the densification
dynamics, that correlates quite well with the ω2-shift,
however, it is rather smooth compared to the ω2-shift.
Applying the ST model to the ω2-shift experimental
findings from Fig. 6a, we extract the corresponding angle
change. One can see that the interbonding angle change
follows the ω2-shift and also reproduces the two-stage
dynamics: the growth during ∼ 600 pulses followed by
a saturation, see Fig. 6b. The comparison shows an ex-
cellent agreement between experiment and MD simula-
tion. Since we reveal the densification, we guess that
laser-induced rearrangements should lead to transforma-
tions of v-SiO2 network both in the medium-range [5] and
short-range order. The short-range structure is usually
6characterized by coordination number [47, 48]. We found
here, a correlation between the growth of five-coordinated
Si-atoms and v-SiO2 densification upon laser irradiation,
see inset in Fig. 6b. Similar behavior was observed in
permanently densified silica glass at high pressure [47–
49]. Thus, we relate the Si–O–Si angle decline to the
increase of network connectivity caused by the reduc-
tion of the major ring fractions [5] and the increase in
coordination defects (five-coordinated Si-atoms) due to
multi-pulse laser irradiation.
IV. CONCLUSIONS
In summary, our systematic Raman calculation shows
that upon multi-pulse laser irradiation the SiO2 glass un-
dergoes several successive transformations both in short-
range and medium-range order. The changes in the Ra-
man measurements are well described by our simulations
within the numerical accuracy. This reinforces our pre-
viously developed model of bond-breaking for laser ir-
radiation [5]. In experiment and simulation, two stages
of the laser-induced densification and Raman spectrum
evolution are observed: growth during several hundreds
of pulses followed by further saturation. At the medium-
range, the network connectivity is expressed in reduc-
tion of the major ring fractions leading to more com-
pacted structure. By using the Raman measurements
and the ST model, we highlight the short-range trans-
formation by extracting the dynamics of Si–O–Si angle
change. These results are in excellent agreement with
our simulation results. In addition, we show a corre-
lation between the growth of five-coordinated Si-atoms
and densification due to laser irradiation. Thus, we con-
clude that the laser-induced densification of v-SiO2 is re-
lated to the changes in the short-range order caused by
the appearance of Si-coordination defects and medium-
range order connected to evolution of the ring distribu-
tion. These findings disclose similarities between laser-
induced- and permanently-densified glass [19, 21]. More-
over, our preliminary analysis shows more generally that
the sensitivity of the Raman spectra to pressure varia-
tion depends strongly on the samples preparation proto-
col. We also note that the global increase in the Raman
intensity in the intermediate frequency range, and the
shift of the high-frequency bands share more similarities
with the Raman signature of plastic-shear [22]. There-
fore, our simulation results suggest interesting future ex-
periment in order to clarify the impact of the thermo-
mechanical history on glasses under shear, cold- and hot-
compression, and laser-induced densification.
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Appendix A: BKSW potential
The equilibration of the liquid, quench and relaxation
of the glass are performed classically using the BKSW po-
tential [33], which is a modified version of the van Beest,
Kramer and van Santen (BKS) potential [32]. It can be
described as a two-body potential:
ΦBKSWαβ (R) = Φ
Coul
αβ (R) + Φ
Buck
αβ (R), (A1)
where α and β are the types of atoms (O or Si), and R
is the distance between them.
ΦCoulαβ (R) = qαqβe
2VW (R)GW (R), (A2)
with
VW (R) =
(
1
R
− 1
Rc,W
)
+
1
R2c,W
(R −Rc,W ), (A3)
GW (R) = exp
(
− γ
2
W
(R−Rc,W )2
)
. (A4)
ΦBuckαβ (R) =
[
Aαβ
(
e
− R
ραβ − e−
Rc,sh
ραβ
)
−Cαβ
(
1
R6
− 1
R6c,sh
)]
Gsh(R), (A5)
with
Gsh(R) = exp
(
− γ
2
sh
(R−Rc,sh)2
)
, (A6)
where γsh = γW = 0.5 A˚, Rc,W = 10.17 A˚, and Rc,sh =
5.5 A˚. We also add a strong and regular repulsive part at
short range (R < Rinf ) to avoid the collapse of atoms at
high pressure, or high temperatures. The added repulsive
part has the following form:
ΦRepαβ (R) =
(
Dαβ
R
)12
+ EαβR+ Fαβ . (A7)
Dαβ, Eαβ , and Fαβ have been adjusted in order to have
the continuity of the potential and its first, and second
derivatives. The parameters of this potential are tab-
ulated in Table II. The total energy, which is used to
compute the Dynamical Matrix, can be written:
Etot =
∑
I<J
ΦBKSWαIβJ (R) + Φ
Rep
αIβJ
(R), (A8)
and here R is the distance between atoms I and J .
7Aαβ (eV) ραβ (A˚) Cαβ (eV·A˚
6) Dαβ (A˚·eV
−12)
O-O 1388.773 0.3623 175.0 1.51166281
Si-O 18003.7572 0.2052 133.5381 1.42402882
Si-Si 872360308.1 0.0657 23.299907 0.0
Eαβ (eV·A˚
−1) Fαβ (eV) Rinf (A˚)
O-O -14.97811134 39.0602602165 1.75
Si-O -3.24749265 -15.86902056 1.27
Si-Si 0.0 0.0 0.0
TABLE II. Parameters of the empirical potential used to
model the silica glass.
Appendix B: Bond polarizability model
The bond polarizability model (BPM) [36, 37] has suc-
cessfully been applied for the calculation of Raman inten-
sities in a large variety of systems [34]. In this approach,
the polarizability is modeled in terms of bond contribu-
tions:
χij(I) =
1
V
∑
J
αij(I, J), (B1)
where the polarizability tensors αij(I, J):
αij =
1
3
(2αp+αl)δij +(αl−αp)
(
RiRj
|R|2 −
1
3
δij
)
, (B2)
whereR = RI−RJ is a vector which defines the direction
and the distance of a pair of nearest neighbor atoms at
sites RI and RJ . The parameters αl and αp correspond
to the longitudinal and perpendicular bond polarizability,
respectively.
The BPM further assumes that the bond polarizabil-
ities αl and αp only depend on the length of the bond.
Thus the derivative of the local bond polarizability with
respect to the relative displacement of the atoms I and
J yields:
∂αij(I, J)
∂RIk
=
1
3
(
2α′p + α
′
l
)
δijRˆk
+
(
α′l − α′p
)(
RˆiRˆj − 1
3
δij
)
Rˆk
+
(αl − αp)
R
(
δikRˆj + δjkRˆi − 2RˆiRˆjRˆk
)
, (B3)
where Rˆ is a unit vector along R, α′l and α
′
p are the
derivatives of the bond polarizabilities with respect to the
bond length (α′l,p = (∂αl,p/∂R)|R=R0 and R0 is a typical
distance). Therefore, when one type of bond occurs, the
BPM is completely defined by three parameters: 2α′p+α
′
l,
α′l − α′p, and (αl − αp)/R. We use the parameters of the
BPM already derived in Refs. [50, 51], whose values are
summarized in Table III.
Parameter 2α′p + α
′
l α
′
l − α
′
p (αl − αp)/R
(4pi)−1·Bohr−1 0.771 0.196 0.056
TABLE III. Bond polarizability model parameters.
Appendix C: Vibrational density of states
The frequencies ω2n and the corresponding normalized
eigenmodes ξnI are obtained by diagonalizing the dynam-
ical matrix. The FEAST solver integrated into Intel
MKL is used for the diagonalization [52]. The associ-
ated atomic displacements are given by:
u
n
I =
ξnI√
MI
. (C1)
The index n labeling the vibrational modes runs from 1
to 3Nat, Nat is the total number of atoms in the model.
The structure of v-SiO2 consists of corner-shared tetra-
hedral SiO4 units. These units are connected to each
other via bridging oxygen atoms. Since oxygen vibra-
tions give the prominent contribution to the Raman spec-
tra, we further decompose this contribution according to
three orthogonal directions which characterize the local
environment of each oxygen atom [53]. Considering the
plane containing the silicon atoms to which a given oxy-
gen atom is bonded, we defined the three directions as
in [53, 54]. We took the first direction orthogonal to
the Si–O–Si plane (rocking), the second one along the
bisector of the Si–O–Si angle (bending), and the third
one orthogonal to the two previous ones (stretching),
see the sketch in Fig. 4. The decomposition is carried
out by projecting the displacements unI onto these di-
rections prior to the calculation of the VDOS spectra,
i.e. unI = u
n
Ir + u
n
Ib + u
n
Is and related to rocking (u
n
Ir),
bending (unIb), and stretching (u
n
Is) motions. Bearing in
mind that the two silicon atoms Si1(I) and Si2(I) that
are neighbors of the oxygen atom I move as well, only
the relative motion of the oxygen atom is decomposed, so
that u˜nI = u
n
I −(unSi1(I)+unSi2(I))/2 is the displacement of
oxygen atom I relative to the average displacement of its
nearest silicon neighbors. Total VDOS decomposes Z(ω)
into the stretching, bending, and rocking components,
Z(ω) = Zr(ω) + Zb(ω) + Zs(ω):
Zr,b,s(ω) =
1
3Nat
∑
n
|r˜ n|2r,b,sδ (ω − ωn), (C2)
where the squared average displacement can be calcu-
lated according to the following expression:
|r˜ n|2r,b,s =
1∑
I |u˜nI |2
NO∑
I
|u˜nI |2r,b,s, (C3)
where NO is the number of oxygen atoms.
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